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Abstract

Lead breaks (Hsu-Neilsen source) were used to generate sinulated
acoustic em ssion signals in an alum num plate at angles of 0, 30,
60, and 90 degrees with respect to the plane of the plate. This
was acconplished by breaking the lead on slots cut into the plate
at the respective angles. The out-of-plane and in-plane
di spl acenent conponents of the resulting signals were detected by
broad band transducers and digitized. Analysis of the waveforns
showed themto consist of the extensional and flexural plate
nodes. The anplitude of both conponents of the two nbdes was
dependent on the source orientation angle. This suggests that
pl ate wave anal ysis may be used to determ ne the source
orientation of acoustic em ssion sources.
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Introduction

In conventional acoustic em ssion (AE) testing, the elastic wave
produced by an AE source is converted to a voltage signal by a
resonant transducer. Certain paraneters such as the peak
anpl i tude, energy, duration, and rise-tinme are recorded by an AE
anal yzer. These AE paraneters are usually plotted agai nst test
paraneters such as | oad, strain and tenperature. After repeated
tests on identical specinens, enpirical inferences are nade about
the sources of the em ssions. The sources are the (micro) failure
nmechani sns assunmed to be operating at a particular point in the
test. Sonetines, other nondestructive and destructive techni ques
are used to verify the failure mechanisns. This approach has been
successful, particularly in applications in which the presence of
em ssion is used as an early warning signal. There are
limtations to this approach, however. Different sources yield
val ues of the AE paraneters that overlap substantially. In
conposite materials, for exanple, the ability of the AE technique
to distinguish between matri x cracking and fiber breakage has been
t he subject of considerable discussion in the literature for
years. |t has also been shown that the amount of em ssion and the
val ues of the AE paraneters are heavily dependent on the previous
| oad history of a specinen. It is becomng clearer that the set
of paraneters in current use is insufficient to distinguish
bet ween sources. One obvious way around these difficulties is to
determne if nore informati on about AE sources can be extracted
fromthe waveforns. The so-called quantitative AE techni ques
attenpt to do this. The effects of source notion, wave
propagati on and transduction are treated theoretically and are
conpared with experinment.

The time response and directionality of certain individual AE
sources have been determ ned by several researchers (Chtsu and
Ono, 1986; Kim and Sachse, 1986; Scruby, Bal dwin, and Stacey,

1985; Eitzen et al., 1981 and references therein) in | aboratory
experinments. In order to acconplish this it was first necessary



to remove the coloration of the wavefornms of the transducer and
detection electronics. It was al so necessary to renove the
effects of multiple reflections and node conversions caused by the
geonetry of the specinmen. First of all transducer effects were

m ninmzed by detecting with broad band transducers. Then, the
remai ni ng effects were renoved fromthe AE signals by
deconvol uti on which uses previously neasured absol ute calibrations
of the sensor. Likew se, the effects of the detection el ectronics
were renoved by using previously nmeasured calibrations. The
effects of multiple reflections were mninzed by choosing

speci men geonetries with very |arge dinensions which approxi mat ed
a sem-infinite half-space or an thick infinite plate. The

i mpul se response functions (or Geen's functions) for these
geonetries were calculated theoretically and used to elimnate the
geonetrical effects fromthe waveforns. The resulting waveforns
were then interpreted in terns of nonent tensor analysis. The
waveforns were from nmeasurenents at several |ocations on the
specimen. The results yield the tinme response and directionality
of the AE source.

Thi s approach has led to better nethods for calibrating AE
transducers and a better understandi ng of AE source nechani sns.
Currently, however, it is of limted applicability for practical
AE nonitoring of damage in structures. One limtation is the need
for absolutely calibrated w de band transducers and detection
el ectronics. Another is the sensitivity of the deconvol ution
algorithnms to noise. Probably the biggest limtation conplexity
in calculating inpulse response functions for even the known
sinpl e geonetries, nmuch less for the nore conplicated geonetries.

Anot her approach to obtaining quantitative information about AE
sources from neasured AE signals has been investigated recently.
Gorman (1990) used broad band sensors to detect signals from
simul ated AE events (|l ead pencil breaks) in alum num and
gr aphi t e/ epoxy conposite plates. It was denonstrated that in
these thin plates, only the | owest order extensional and flexura
pl ate nodes were detected. Furthernore, it was shown that the



anpl i tudes of the extensional and flexural nodes were different
when the | ead break AE source was applied on the surface versus
when it was broken on the edge of the plate. Thus, it was

postul ated that interpretation of the AE signals in ternms of plate
waves may be useful in determ ning source orientation.

Classical plate theory was used to predict the velocities of the
nodes and good agreenent with experinmental neasurenents was
exhibited. Gorman and Prosser (1990) used classical plate theory
to predict the |l ow frequency portion of the out-of-plane
di spl acenent conponent of the flexural node for a finite plate.
Good agreenent with experinent was denonstrated

Further research by Gorman and Ziola (1990) has shown that AE
signals froma real AE source (transverse matrix cracking) also
contai ned plate waves. They al so discussed the effects that the
di fferent nodes can have on | ocating AE sources. Mst AE | ocation
techni ques assune a single velocity of propagation. Wen nultiple
nodes with different velocities occur, erroneous |ocation results
can be obtai ned.

Wiile the applicability of plate wave analysis only to plate
geonetries is a limtation, this approach is still useful since
nost practical structures to be tested have one dinension that is
much smaller than the other two. Exanples of this include
aircraft structures, such as wing and fusel age skins, and pressure
vessel s, whose walls are usually thin. Prosser, Gorman, and
Dorighi (1990) illustrated that these nbdes were present in a
thin-wal | ed graphite/ epoxy tube of a type simlar to that proposed
to be used in NASA's Space Station. Even though the tube had | ess
than a two-inch radius of curvature, plate theory accurately
predi cted the extensional and flexural node velocities.

In this paper, the effect of source orientation was investigated
further. For source notion at 0, 30, 60, and 90 degrees to the
pl ane of the plate, both the in-plane and out-of -pl ane
di spl acenent conponents were neasured. It is shown that the
anplitudes of both conponents of the two nodes were dependent on
the source orientation angle. At the smaller angles, for which



| argest conmponent of the source notion was in the plane of the
pl ate, the extensional nbde was |arger. For |arger angles, the
fl exural node was dom nant.

Theory

Waves propagating in plates have been studied theoretically by
nunmerous authors (G aff, 1976 and references therein).
Di spl acenents for waves propagating in plates are governed by
Lanb' s honbgeneous equations. The solutions to these equations
are call ed Lanb waves and consi st of an infinite nunber of nodes.
In the case when the wavel ength is nuch [arger than the thickness
of the plate, the equations of notion can be reduced to a nuch
sinpler formusing classical plate theory. 1In this case the
resulting waves are called plate waves and there exist only two
nodes, extensional and flexural.

The extensional node in an isotropic material is governed by the

equati ons:
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where x and y are the coordinate axes in the plane of the plate, u
and v are the displacenents al ong these axes respectively, v is the
Poi sson's ratio, pis the density, and A is given by
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where E is the Young's nodulus and h is the thickness. The



superscript 0 indicates that these equations are for the notion of
the m dpl ane of the plate. These equations predict the in-plane
di spl acenent for the extensional node. However, this is only an
approxi mation. Due to the Poisson effect, the extensional node

al so consists of an out-of-plane displacenent. The velocity cg of
t he extensional node is given by
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The flexural notion is governed by
a%N
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where wis the displacenent along the z axis which is normal to
the plate, and Dis the bending stiffness given by
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In this case, only an out-of-plane di splacenent conponent is
predi cted. However, the sanme argunent used previously suggests
that an in-plane displacenent conponent of the flexural node
shoul d al so exist. The velocity of this node is dispersive, with
t he higher frequencies traveling faster than the | ower
frequencies, and is given by

e = 4/ D o (7)

where w is the frequency.
Experiment

AE signals were produced by pencil |ead breaks (Hsu-Neilsen



sources) at 0, 30, 60, and 90 degrees with respect to the pl ane of
the plate on a set of alum num plates and the anplitudes of the
di spl acenent neasured. At each angle, the break was repeated ten
times to determne the variability of the magnitude of the inpul se
applied to the plate. The dinmensions of the plates were 0.508
neters in width, 0.381 m in length, and 0.00635 m in thickness.
The |l ead break normal to the plate (90 degrees) was positioned at
the center width of the plate and at a length of 0.127 m fromthe
pl ate edge. For the case of 30 and 60 degree | ead breaks, slots
were nmachined into the plate at the sane position as the 90 degree
break to allow the | ead to be broken at an angle. A plan view of
the plate showi ng the positioning of the slot is presented in
Figure 1. A cross sectional view of the plate and slot is shown
in Figure 2. For the case of the 0 degree break, where the source
notion is parallel to the plane of the plate, the break was
positioned on the edge of the plate at the center of the w dth.

The waveforns were detected by two 3.5 MHz ultrasonic
transducers (Pananetrics). These transducers offer relatively
flat frequency response over the 20 kHz to 1 WMHz frequency range
of AE signals in conparison to conventional |ow frequency resonant
AE transducers. One transducer neasured the out-of-plane
di spl acenent conponent and was positioned on the surface of the
plate. For the 30, 60, and 90 degree sources, this transducer was
pl aced at the center of the wwdth and at a di stance of 0.254 m
fromthe plate edge (or 0.127 m fromthe source location). In
Figures 1 and 2, this transducer is designated as the out-of-plane
transducer and its position is showmn. For the O degree case,
where the source was broken on the plate edge, the source to
recei ver distance was maintained at 0.127 m and thus it was
positioned along the center wwdth 0.127 m fromthe edge.

The second transducer was used to determ ne the in-plane
di spl acenent conponent and was placed on the opposite edge of the
plate at the center width, Figures 1 and 2. Thus the source to
recei ver distance for all of the breaks except the 0 degree break
was 0.254 m FromFigure 2, it can be seen that, for the 0 degree



break, the propagation length was longer (0.381 m). So this
break was carried out on a separate plate that was only 0.254 m
in length. This was done in order to conpare the wave anplitudes
fromall of the sources for the sane propagation distance.

A third sensor was placed next to the source and was used to
trigger the transient recorder (LeCroy 6810) used to digitize the
waveforns. This sensor is also indicated on Figure 1. After
being anplified and filtered in a preanp (Physical Acoustics Corp.
1220A with 20 kHz high pass filter), the waveforns were digitized
at a sanpling rate of 5 MHz on the transient recorder which had a
vertical resolution of 12 bits. The signals were then stored on a
computer for further analysis and display. A block diagram of the
setup is presented in Figure 3.

Results and Discussion

A typical out-of-plane displacenent waveformdue to a | ead break
source on an alumnumplate is shown in Figure 4. The extensiona
and flexural nodes are identified in this figure. The neasured
velocities of the two nodes agree with the theory which confirns
that these are the plate nodes. This waveform was detected by the
broad band transducer. Wen a typical narrow band resonant AE
transducer is used, the two nodes are indistinguishable because of
the ringing in the transducer.

The out - of - pl ane di spl acenent conponents of the waves created by
the | ead breaks at the four source angles are presented in Figure
5. The waveform shown at each angle was froma |lead break with a
peak anplitude nearest the average peak anplitude for the ten
breaks. For the source notion in the plane of the plate (0 degree
or edge break), it can be seen that the extensional node has its
| argest peak anplitude while the flexural node has its m ni num
As the source angle increases, the extensional node peak anplitude
decreases. For increases in source angle toward normal to the



pl ate, the flexural peak anplitude increases except for the 60 to
90 degree cases where the 60 degree flexural anplitude is slightly
| arger than that of the 90 degree break. At present it is unknown
why this anomaly occurred but, it is being investigated.

The average peak anplitude of the out-of-plane displacenent
conmponents of the flexural and extensional nodes are plotted
versus source angle in Figure 6. The standard deviations of the
ten nmeasurenents are plotted as the error bars in this figure.

The increasing anplitudes of the flexural npode and decreasing
anpl i tudes of the extensional nbde with increasing source angle
are as expected. For a 90 degree source, nost of the source
notion is normal to the plate which should produce flexura
notion. The only in-plane conponent of the source notion is the
result of the Poisson effect which is nuch smaller and thus
produces a very small extensional node. For the case of a 0O
degree source, the opposite is true with source notion primarily
in plane. This creates a | arger extensional node and a snaller
flexural node. At the internediate angles, the anmount of source
notion in the plane and out of the plane of the plate is
proportional to the appropriate vector conponent of the source
force. Thus as the angle increases, there should be an increasing
fl exural node and decreasi ng extensional node which is as
observed.

Exanpl es of the in-plane displacenent conponents for the four
source angles are shown in Figure 7. Again, it is pointed out
that the O degree neasurenent was nade on a separate plate with a
length of 0.254 m to maintain a constant source to receiver
di stance. In these waveforns, the extensional anplitude again
decreases with increasing source angle. However, it is
interesting that the in-plane conponent of the flexural node is
not detected even for |arge source angles where it should be
| argest. Recall that the out-of-plane conponent of the
extensi onal node is observed for all source angles. The average
i n-pl ane peak anplitudes of the extensional nbde versus source
angle is plotted in Figure 8. The standard deviation is indicated



by error bars.

These nmeasurenents denonstrate the effect of sinulated AE source
orientation on plate nodes in thin plates. It is expected that
guantitative source informati on can be obtai ned by the neasurenent
of the anplitudes of the conmponents of the plate nbdes due to rea
sources. One exanple is of the case of inpacts, particularly
hypervel ocity inmpacts which are a concern to spacecraft such as
t he proposed space station. Measurenents of the anplitudes of the
pl ate nodes should all ow determ nation of the angle of the inpact
and the energy of the inpact which will allow a better estinmate of
damage. Consideration of plate wave propagation will also yield
nore accurate source | ocation.
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Fig. 1 Plate dinensions and positioning of sensors and source.
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Fig. 2 Cross sectional view along center of plate detailing slot
and | ocation of transducers.
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Fig. 3 Experinental setup.



Fig. 4 Typical plate waveformindicating flexural and extensional
nodes.
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Fig. 5 Qut-of-plane displacenment conponents for the waves
generated by sources at different angles with respect to the plane
of the plate. Each waveformis offset by two volts to all ow
compari son
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Fig. 7 In-plane displacenent conponents for the waves generated
by sources at different angles with respect to the plane of the
plate. Each waveformis offset by one volt to allow conparison.
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